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ABSTRACT The sulfenic acid form of glyceraldehyde-
3-phosphate dehydrogenase (EC 1.2.1.12), which is an
acyl phosphatase, will catalyze an acetyl phosphate-Pi
exchange reaction. This exchange reaction is reversibly
inhibited by the uncouplers of oxidative phosphorylation,
2,4-dinitrophenol, m-Cl carbonylcyanide-phenylhydra-
zone, pentachlorophenol, and 5-chloro-3-tert-butyl-2'-
chloro-4'-nitrosalicylanalide, and is irreversibly inhibited
by cyanide and dicumarol. An ATP-Pi exchange reaction
similar to that catalyzed by mitochondria can be simulated
by a system composed of oxidized glyceraldehyde-3-phos-
phate dehydrogenase, phosphoglycerate kinase (EC
2.7.1.28), 3-phosphoglycerate, ATP, 32p;, and appropriate
cofactors. The ATP-Pi exchange is inhibited by uncou-
plersof oxidative phosphorylation. Higher concentrations
of uncouplers will also inhibit the ATPase reaction cata-
lyzed by the coupled enzyme system. The exchange reac-
tions catalyzed by the sulfenic acid form of glyceraldehyde-
3-phosphate are consistent with a sulfenyl carboxylate
intermediate. On the basis of these observations, a reac-
tion scheme has been postulated for covalent coupling in
oxidative- phosphorylation that includes a sulfenyl car-
boxylate as a nonphosphorylated, high energy intermedi-
ate and an acyl phosphate as a phosphorylated, high
energy intermediate.

The specific oxidation of the sulfhydryl group at the active
site of glyceraldehyde-3-phosphate dehydrogenase (EC
1.2.1.12) (GPD) to a sulfenic acid converts the enzyme
ta an acyl phosphatase (1-3). The following reaction scheme
has been postulated to account for the hydrolytic reaction
catalyzed by the sulfenic-acid form of the enzyme (3):
ESOH + R C-O POXH- ; ESO-C-R + H2PO4- [1]

Ao A
ESO-C-R + H20- ESOH + RCOO- + H+ [2]

The reaction scleme suggests that the conjugate base of the
sulfenic acid reacts with the carbonyl carbon of the acyl phos-
phate substrate to form an enzyme-sulfenyl carboxylate
intermediate with the displacement of inorganic phosphate.
In the second step of the reaction scheme, the sulfenyl car-
boxylate reacts with water to release the carboxylate anion
and the regenerated sulfenic acid form of the enzyme. The
reaction scheme is consistent with C-O bond cleavage, which
Park and Koshland have shown to occur during the hydrolysis
of acetyl phosphate catalyzed by the oxidized enzyme (4).

Unsuccessful attempts have been made to demonstrate the

sulfenyl carboxylate intermediate directly with the use of
[I4C]acetyl phosphate and the chromophoric substrate analog
(2-furyl) acryloyl phosphate (5). If the proposed sulfenyl
carboxylate intermediate, which is a mixed anhydride between
a sulfenic acid and a carboxylic acid, were to exist, its steady-
state concentration would be predictably low in water and
would therefore defy direct identification.
To provide indirect evidence for the reaction scheme de-

scribed by Eqs. 1 and 2, an investigation was initiated to deter-
mine if inorganic phosphate labeled with 82p will exchange
into acetyl phosphate in the presence of the sulfenic acid
form of GPD. The reduced form of GPD catalyzes an acetyl
phosphate-Pi exchange that proceeds through a thiol ester
intermediate as described by Eq. 3 (6).

ESH + R-C-O - PO3H- k ES-C-R + H2PO4-

A A
[31

Since small amounts of the sulfhydryl form of GPD always
are present in our preparations of the oxidized enzyme, re-
action conditions were sought that would distinguish between
the exchange reaction catalyzed by the contaminating, re-
duced enzyme and that which might be catalyzed by the
oxidized enzyme.

Several compounds that inhibit the acyl phosphatase
reaction catalyzed by the oxidized enzyme and that have
no effect on the reactions catalyzed by the reduced enzyme
were used. Among these are cyanide and uncouplers of
oxidative phosphorylation. The sulfenic acid form of
GPD catalyzes the exchange of inorganic phosphate labeled
with 82p into acetyl phosphate, which is sensitive to
uncouplers of oxidative phosphorylation. Furthermore, the
sulfenic acid form of GPD coupled to phosphoglycerate kinase
(EC 2.7.1.28) will catalyze an ATPase reaction in the pres-
ence of 3-phosphoglycerate, which is also sensitive to un-
couplers of oxidative phosphorylation. The coupled enzyme
system catalyzes an ATP-Pi exchange reaction, which is
also inhibited by the uncouplers. The results of this investi-
gation and their implications in terms of an energy conserva-
tion mechanism for oxidative phosphorylation are presented
in this communication.

MATERIALS AND METHODS

GPD was prepared from rabbit muscle as described by Cori,
Slein, and Cori (7) and was oxidized with o-iodosobenzoate (3).
The exchange of 32Pi into acetyl phosphate was in reac-

tion mixtures that contained in 2.20 ml of 18 mM Veronal
(pH 7.6): 3 mg of oxidized or reduced GPD, 28 ,umol of acetyl
phosphate, 30 umol of K32PO4 (about 2 X 104 cpm/,Umol),
and the inhibitors where indicated. The radioactivity of
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Abbreviations: DNP, 2,4-dinitrophenol; mCl-CCPhe, m-Cl
carbonylcyanide-phenylhydrazone; 8-13, 5-chloro-3-tert-butyl-
2'-chloro-4'..nitrosalicylanalide: GPD, glyceraldehyde-3-phos-
phate dehydrogenase.



A Soluble, Uncoupler-Sensitive ATP-Pi Exchange

acetyl phosphate was determined after it was separated from
Pi in 0.4-ml samples by calcium precipitation (8) with the
following modifications. The acid deproteinization step was
omitted. After precipitation with the 3.3% CaCl2 in 33%
ethanol reagent, the supernatant was filtered through a mem-
brane filter with a O.4-jm pore size to completely remove the
calcium phosphate. Acetyl phosphate in 0.2-ml samples was
assayed with hydroxylamine (8).
The exchange of 32Pi into ATP was in reaction mixtures

that contained in 4.0 ml of 18 mM Veronal buffer (pH 7.6):
4 mg of oxidized or reduced GPD, 2.8 jAmol of NAD, 0.1 mg
of phosphoglycerate kinase, 30 Mmol of ATP, 30 hmol or 6
,Mmol of 3-phosphoglycerate, 150 Mmol of K82PO4 (about 5
X 104 cmp/,umol), and the inhibitors where indicated. Sam-
ples of the reaction mixtures, 1.0 ml each, were deproteinized
with 0.1 ml of 35% perchloric acid. The radioactivity of the
ATP was determined after separation of Pi from ATP in 0.5
ml of the deproteinized samples (9).

RESULTS

The Acetyl Phosphate-Pi Exchange Reaction. Table 1 illus-
trates that the sulfenic-acid form of GPD catalyzes an acetyl
phosphate-Pi exchange reaction that is not due to the pres-
ence of small amounts of contaminating reduced enzyme.
This .exchange can be distinguished from the exchange re-
action catalyzed by the reduced form of the enzyme by the
following criteria. 2,4-Dinitrophenol (DNP), mCl-CCPhe,
and cyanide inhibit the exchange reaction catalyzed by the
oxidized preparations of the enzyme, while they have no in-
hibitory effect on the exchange reaction catalyzed by the sulf-

TABLE 1. Differences between the acetyl phosphate-Pi
exchange reactions catalyzed by the sulfhydryl and

sulfenic-acid forms of GPD

[32P]
Acetyl-
P04

formed
Dehydrogenase (nmol/

activityt mg
Enzyme Protein (Cmol per
species* (mg/ml) NADH/mg per min)

min)

ESH 1. 36§ 27.5 22.1
ESH + CN-$ 1.36 27.5 21.2
ESH + DNPT 1.36 27.5 27.4
ESH + mCl-
CCPhel 1.36 27.5 22.3

ESOH 1.36 4.0 X 10-2 52.4
ESOH + CN-T 1.36 5.6 X 10-2 6.5
ESOH + DNPF 1.36 7.6 X 10-2 39.7
ESOH + mCl-
CCPheF 1.36 5.0 X 10-2 4.3

* The preparation of the oxidized enzyme (ESOH) and the
compositions of the reaction mixtures are described in Methods.

t The dehydrogenase activity in each reaction mixture was
determined spectrophotometrically (11).

t The cyanide concentration in the reaction mixtures was
35 AM.

§ This protein concentration corresponds to an enzyme
subunit concentration of 39 ,AM.

¶ The concentrations of DNP and mCl-CCPhe were 970 MM.

0.40-
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FIG. 1. The contents of the reaction mixtures and the assay
for the exchange reaction are described in Methods. A, this reaction
mixture contained 700 uM DNP. A, this reaction mixture con-
tained 700 MM mCl-CCPhe.

hydryl form of the enzyme. In addition, the rate of the ex-
change reaction catalyzed by the sulfenic acid form of the
enzyme is faster than the rate of the exchange reaction cat-
alyzed by the sulfhydryl form of the enzyme. This is more
clearly demonstrated when the rates of exchange are cor-
rected for the hydrolysis of acetyl phosphate. The exchange
reaction catalyzed by the reduced enzyme is not accompanied
by acetyl phosphate hydrolysis, while significant acetyl phos-
phate hydrolysis occurs during the courpse of the exchange
reaction catalyzed by the oxidized enzyme. When the ex-
change rates are expressed as the increase in the specific radio-
activity of the acetyl phosphate remaining in the reaction
mixtures with time, the efficiency of the oxidized enzyme
in the exchange reaction is accentuated.

Cyanide reacts with the sulfenic acid at the active site of
the acyl phosphatase to form a j5-thiocyanoalanine residue.
The inhibition of the exchange reaction catalyzed by the
oxidized enzyme by DNP and mCl-CCPhe is relieved by gel
filtration.

The ATP-Pi Exchange Reaction. Fig. 1 shows that the
sulfenic-acid form of GPD will catalyze an ATP-Pi exchange
reaction in the presence of 3-phosphoglycerate and phos-
phoglycerate kinase. The reduced form of the enzyme also
catalyzes this exchange reaction in the same reaction (10),
which differs from the exchange shown in Fig. 1 in two re-
spects. The exchange catalyzed by the oxidized form of the
enzyme in the coupled enzyme system is clearly inhibited
by fairly low concentrations of DNP and mCl-CCPhe. Cyanide
is a stoichiometric inhibitor of this exchange reaction. The
ATP-Pi exchange that is catalyzed by the reduced enzyme
in the coupled enzyme system is not inhibited by the un-
couplers or by cyanide. The enzyme system composed of re-
duced GPD and phosphoglycerate kinase does not hydrolyze
ATP, while the oxidized enzyme works in concert with phos-
phoglycerate kinase as a potent ATPase, as shown in Fig. 2.
The ATPase activity is inhibited by DNP and by mCl-CCPhe.
When compared to the rate of the acetyl phosphate-Pi

exchange reaction catalyzed by the oxidized enzyme, as shown
in Table 1, the rate of the ATP-Pi exchange catalyzed by
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TABLE 2. The effect of uncouplers on acetyl phosphate-Pi
exchange and acetyl phosphate hydrolysis

NO Reversible
Inhibition % by

Molar 32p Inhibition gel
Uncoupler excess* exchanget hydrolysist filtration§

DNP 25 62 10 Yes
mCl-CCPhe 25 94 88 Yes
mCl-CCPhe 10 85 70 Yes
mCl-CCPhe 5 58 7 Yes
Dicumarol 5 92 94 No
Penta-Cl-

Phenol 10 84 40 Yes
8-13 ?T 83 30 Yes

* The concentration of oxidized enzyme subunit was 28 MAM.
t The inhibition of the exchange is based on the initial rate of

increase in specific radioactivity of the acetyl phosphate in the
reaction mixtures, (,Ag-atoms 32p per /Amol acetyl phosphate)
per mg of ESOH per min.

t The inhibition of the hydrolysis of acetyl phosphate is
based on the initial rate of acetyl phosphate hydrolyzed, A
Mumol of acetyl phosphate per mg ESOH per min.

§ Reversible by gel filtration means that the acetyl phosphate
activity returned upon removing the uncoupler by gel filtration
on Sephadex G-25.

S-13 was present as a saturated solution.

the coupled enzyme system shown in Fig. 1 is slow. Adenine
nucleotides, especially ATP, inhibit the acyl phosphatase
activity catalyzed by oxidized GPD; the inhibition can be
partly relieved by the addition of NAD (11).

The Differential Effect of Uncouplers on the Hydrolytic and
Exchange Reactions. Examination of Figs. 1 and 2 reveals
that the ATP-Pi exchange reaction catalyzed by oxidized
GPD and phosphoglycerate kinase is more sensitive to in-
hibition by DNP than is the ATPase reaction catalyzed by
the same enzyme. The experimental values shown in Figs.
1 and 2 were obtained from the same reaction mixtures. The
observation that the rate of formation of AT32P is linear while
the rate of ATP hydrolysis decreases with time in the same
reaction mixtures is reproducible. This effect may be related
to the differential inhibition of the acyl phosphatase reaction
by the various adenine nucleotides (11), the concentrations
of which are changing during the course of a given reaction.

Since the coupled enzyme is complicated by the inhibition
of oxidized GPD by the adenine nucleotides present, the
differential effect of various uncouplers on the exchange and
hydrolytic reactions catalyzed by oxidized GPD was studied
in the acetyl phosphate system (Table 2). The acetyl phos-
phate-Pi exchange is more sensitive to uncouplers than is
the hydrolysis of acetyl phosphate for all of the uncouplers
examined with the exception of dicumarol. The inhibition
exerted by the uncouplers is relieved by gel filtration, again
with the exception of dicumarol. This suggests that dicu-
marol covalently modifies the acyl phosphatase. The reactiva-
tion of the dehydrogenase activity by dithiothreitol is pre-
vented when dicumarol is added to oxidized GPD. This sug-
gests that dicumarol might oxidize the sulfenic acid at the
active site of the acyl phosphatase to a sulfinic or sulfonic
acid.

and hydrolytic reactions is concentration-dependent, as is
illustrated for mCl-CCPhe in Table 2. At a 25-fold molar
excess, the uncoupler nearly completely inhibits both the
exchange reaction and the hydrolytic reaction. When mCl-
CCPhe is present at a 5-fold molar excess the hydrolytic re-
action is barely inhibited while the exchange reaction is in-
hibited by 58%. This suggests that the uncouplers compete
with Pi at low concentrations and react with the sulfenic acid
of the enzyme at high concentrations.

DISCUSSION

The results presented have established that the sulfenic acid
form of GPD catalyzes an acyl phosphate-Pi exchange re-
action. This exchange reaction is consistent with, but does
not prove, the existence of a sulfenyl carboxylate intermediate.
When the reactions catalyzed by the sulfenic acid form of
GPD and those catalyzed by the sulfhydryl form of GPD
are compared, and are viewed in terms of the modification
of the active site that accompanies oxidation, an intuitive
argument can be made in favor of the sulfenyl carboxylate
mechanism. The active site of the acyl phosphatase differs
from that of the transferase (the acyl phosphate-Pi ex-
change reaction) by an oxygen atom. This additional oxygen
atom should not alter the acyl phosphate binding properties
of the enzyme. However, the conjugate base of the sulfenic
acid should be a potent nucleophile capable of reacting with
the carbonyl carbon of the bound acyl phosphate substrate
to form the proposed sulfenyl carboxylate intermediate by
the displacement of phosphate. The sulfenyl carboxylate
intermediate, which is a mixed anhydride, should react with
water rapidly. On the other hand, the covalent intermediate
in the transferase reaction catalyzed by the reduced enzyme
is a thiol ester, which should be intrinsically more stable than
the sulfenyl carboxylate, and is not hydrolyzed rapidly.
The ATP-Pi exchange catalyzed by the oxidized GPD-

phosphoglycerate kinase couple, which is sensitive to un-
couplers of oxidative phosphorylation, can be considered as
a model for one of the partial reactions of oxidative phos-
phorylation (12). If this exchange reaction proceeds through
the proposed sulfenyl carboxylate intermediate, the coupled
enzyme system should catalyze the H20 -3- Pi oxygen ex-

change and the H20 -- ATP oxygen exchange, two other
partial reactions of oxidative phosphorylation (12, 13). The
acyl phosphatase reaction proceeds with C-O bond cleavage
(4). Therefore, the carboxyl oxygens of 3-phosphoglycerate
should equilibrate with the oxygen of water in the coupled
enzytne system. The subsequent phosphorylation of the
labeled 3-phosphoglycerate followed by the hydrolysis of the
labeled 1,3-diphosphoglycerate would lead to the formation
of Pi containing oxygen ultimately derived from water. Since
the Pi -* ATP exchange has been shown to occur, the H20

- ATP oxygen exchange would be a direct consequence of
the H20 -> Pi oxygen exchange.

Sulfenyl carboxylates have been implicated recently as

intermediates in the disproportionation of unsymmetrical
o-carboxyphenyl disulfides (14) and in the overoxidation of
3-carboxymercaptans by iodine (15-17). The disproportion-

ation of 2-(phenyldithio)benzoic acid to phenyldisulfide and
2,2'-dithiobenzoic acid depends on pH in a manner that sug-
gests that the o-carboxyl group participates in the reaction
(14). It was postulated (14) that the attack of the carboxylate
anion on the proximal sulfur of the disulfide initiates the dis-The differential effect of the uncouplers on the exchange
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proportionation by displacing thiophenylate. This results
in the formation of a 5-miembered cyclic sulfenyl carboxylate
intermediate as shown by Eq. 4. That the corresponding meta

S~S-C6H5

0

,\0 + C6HS- [4]

0

Slater in 1953 (18) to describe energy conservation in respir-
atory electron transport. This scheme is illustrated by Eqs.
12-17.
SH
I A|+ A + AH2 [12]

H 0 °OS-S C
HO0 0 0~-0

isomer undergoes a much slower disproportionation and that
the disproportionation is concentration independent is part
of the evidence that supports this reaction scheme. Evidence
for the synthesis of the cyclic sulfenyl carboxylate has been
presented (14).
The overoxidation of g-carboxymercaptans has been stud-

ied by Danehy and his colleagues (15-17). The normal oxida-
tion of thiols by iodine proceeds with the stoichiomnetry shown
in Eq. 5, in which the disulfide is the reaction product.

2RSH + I2--RSSR + 21- [5]

The anomolous oxidation of #-carboxymercaptans by iodine
leads to the corresponding sulfinic and sulfonic acids with the
stoichiometry described by Eqs. 6 and 7.

R(COO-)CH2SH + 2I2 + 2H20-- R(COO-)CH2SO2H
+ 4HI [6]

R(COO-)CH2SH + 312 + 3H20 R(COO-)CH2SOsH
+ 6HI [7]

The reaction scheme illustrated by Eqs. 8-11 has been postu-

C C + I2 C C
I I

HS C iS
Z 0 I 0
0 0-

-C-C- -C-C- +

0
I 1 1. 1

-C -C + H20 C C

S C HOS C
0 ~~~~~01

U CC + 12 H20 ~ C

HOS ~~~~HOS
00 0/0/

lated to account for the anomolous oxidation
mercaptans by iodine.
The reaction scheme suggests that a sulfeny]

first reaction intermediate in the oxidation. Thi
anion then displaces iodide to form a cyclic,
sulfenyl carboxylate, which is then. hydrolyzed t
acid. The sulfenic acid is then oxidized by add-
to the sulfinic and sulfonic oxidation states. Kinm
uct analyses as a function of pH have provided
support for this reaction scheme (15-17).
The formation of a sulfenyl car'boxylate can

dated by a reaction scheme similar to the oneI

+ HI [8]

II I + H20

0 0

SH
.II. + H2P04

0

SH+
0ZI I + O[H

01-O "I,\ [1331

SH
SH-_t - [14]

S C
OH 0 OPO3H

'SH SH

I-
I I +.BH2 a't I, I +
S .s S C
OH 0 O-,PO3H- H 0 0-P03H-W

B + H20 [15]
SH SH

+ ADP-3 w +

H 0/ O-PO3H SH O 0-
ATPw + H+ [161

A + BH2 + ADP-3 + H2POJ- AH2 + B + ATP-4 + F+

OH- [17]

Eq. 12 suggests that the oxidation of a sulfhydryl group on
an electron carrier to a disulfide provides an electrophilic
center for a neighboring carboxylate anion. The carboxylate
anion reacts with the disulfide to form a sulfenyl carboxylate

I [9] as shown in Eq. 13. The sulfenyl carboxylate then reacts with
Pi to form an acyl phosphate and a sulfenic acid, as shown
in Eq. 14. The sulfenic acid is then reduced to a sulfhydryl
group in a second electron-transfer step. In the final step in
the reaction sequence the acyl phosphate donates metaphos-

+ Hf [10]. phate to AIJP to form ATP. This regenerates the electron
carrier in its original state. In this scheme the sulfenyl car-
boxylate is a nonphosphorylated high-energy intermediate,
X' C, and the carboxyl phosphate is a phosphorylated high-
energy intermediate, X'P (18). It is interesting to note that

+ 2H1! [11] Cross and Boyer have labeled a mitochondrial protein with
82Pi that has a pH-hydrolysis profile characteristic of acyl
phosphates (19). The 82P-iabeled protein is discharged by
DNP and ADP suggesting that it is an intermediate in energy
conservation;

of $-carboxy- The partial reactions of oxidative phosphorylation, the
ATP-Pi exchange (12), the Pi-H20 oxygen exchange (13),

[iodide is the and the ATP-H20 oxygen exchange (13), as well as the un-
Le carboxylate coupler-stimulated ATPase, can be accommodated by the
5-membered sulfBnyl carboxylate intermediate. The dynamic equilibria

to the sulfenic described by Eqs. 14-16, which are analogous to the reaction
litional iodine sequence that we postulate to account for the ATP-Pi
etic and prod- exchange catalyzed by oxidized GPD and phosphoglycerate
experimental kinase, provide a means for the equilibration of Pi with the

Py phosphate of ATP. The dynamic equilibria described by
be accommo- Eqs. 13 and 14 allow for the equilibration of the carboxyl
postulated by oxygen on the hypothetical electron carrier with oxygen

Proc. Nat. Acad. Sci. USA 69 (1972)
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FIG. 2. The contents of the reaction mixtures and the assay

of ATPase are described in Methods. A, this reaction mixture
contained 700 jiM DNP. A, this reaction mixture contained
700 ,pM mCl-CCPhe.

derived,from water. The reverse of the reactions described
by Eqs. 14-16 leads to the exchange of oxygen from water
to Pi, which requires the participation of ATP. Since the re-

action scheme can account for the ATP-Pi exchange and for
the Pi-H20 exchange, it also must account for the ATP-
H20 oxygen exchange.
The different sensitivity of the ATP-Pi exchange and the

ATPase reactions catalyzed by the oxidized GPD-phospho-
glycerat' kinase coupled enzyines is analogous to the effect
of the concentration of uncouplers on the mitochondrial
ATPas6 and respiration. -Both respiration and the mito-
chondrial AtPase are stimulated by low concentrations of
uncouplers that abolish ATP formation. Higher concentra-
tions of uncouplers inhibit the ATPase activity and respira-
tion (19, 20). These effects cart be accommodated by the sul-
fenyl carboxylate mechanism that we have postulated.
Atldw boncentrations, the uncouplers would compete with
Pi for the sulfenyl carboxylate in Eq. 14 to form an unstable
carboxyl-uncoupler derivative. This would stimulate an

ATPase activity that is described by the reversal of Eqs.
14-16. At higher concentrations, the uncouplers would re-

act with the sulfeni'c acid on the hypothetical electron car-

rier to form sulfenyl-uncoupler derivatives, and thus inhibit
the ATPase and respiration.

Sulfenyl phosphate derivatives have been postulated as

intermediates to explain, the formation of ATP in other model
systems. Bauerlein, Klingenfuss, and Wielarrd have demon-
strated the synthesis of ATP in a nonenzymatic system con-

sisting of the t-butyl-ammonium salts of ADP and Pi in an-

hydrous pyridine that use mercppto carboxylic acids or their
disulfides as mediators and iodine or hemin compounds as

6xidants (22). They propose that sulfenyl derivatives are

formed in oxidative reactions which then react with Pi in
nucleophilic displacement reactions to form sulfenyl phos-
phates. the phosphorous of the sulfenyl phosphate is then
postulated to react with ADP to form ATP. Painter and
Hunter have postulated a sulfenyl phosphate intermediate
to explain the formation of ATP from ADP and Pi in a sys-

tem that they describe as reduction of cytochrome c by
reduced glutathionei catalyzed by oxidized glutathione (23).

The mechanism proposed by Painter and Hunter to describe
ATP formation in their model system has been disputed on
two counts (24j 25). Massey, Williams, and Palmer have pre-
sented experimental evidence that persulfides that con-
taminate oxidized glutathione are responsible for the reduc-
tion of cytochrome c (24). Bauerlein has presented evidence
that formation of ATP in the system described by Painter
and Hunter is due to an adenylate kinase type of reaction
(25). The formation of a sulfenyl phosphate intermediate
in the acyl phosphatase reaction catalyzed by oxidized GPD
is not consistent with C-O bond cleavage, which has been
demonstrated for this reaction by Park and Koshland (4).
The reaction scheme illustrated by Eqs. 12-16 is in its

simplest form. For instance, the sulfhydryl groups and car-
boxyl group could reside on separate proteins and the final
step of the sequence described by Eq. 16 could require an
additional protein factor that is sensitive to oligomycin.
By modifications such as these the basic reaction sequence
could accommodate the coupling factors isolated by Racker
and his associates and by Sanadi and his associates that have
been reviewed recently by Racker (26).
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